Abstract: Enantiomerically pure, five membered cyclic nitrones, easily obtained in large amounts from protected hydroxyacids and aminoacids such as D-and L-tartaric, L-malic, and L-aspartic acids, give cycloaddition reactions with a good diastereocontrol. The adducts of L-malic and L-aspartic acids derived from addition of nitrones to dimethyl maleate and γ-crotonolactone were easily converted into enantiopure pyrrolizidinones, which can be transformed into polyhydroxypyrrolidines or polyhydroxypyrrolizidines, both interesting compounds as potential glycosidase inhibitors. The method is suitable for natural products synthesis as exemplified by a straightforward and convenient access to the pyrrolizidine alkaloid necine base (-)-hastanecine, as well as to indolizidine alkaloids, i.e. (+)-lentiginosine.
Introduction
Nitrones have been recently the subject of intense research efforts, because of the wide role played in the synthesis of complex molecular frameworks. They display reactivity either as 1,3-dipoles in cycloaddition reactions towards structurally differentiated dipolarophiles [1] as well as electrophiles towards attacking organometal counterparts [2] . Both the reactions give rise to the formation of new carbon-carbon bonds, often with a high degree of stereocontrol. These features, together with the direct access to nitrones by simple reactions [1d,3] , and their stability which permits isolation and long storage, make nitrones ideal tools for application in organic syntheses, particularly in the field of alkaloids, nitrogen containing natural products or bioactive analogs [1] [2] [3] [4] .
Recent years have witnessed a renewed interest in this chemistry, mainly due to the development of methods for the preparation of enantiomerically pure nitrones and their subsequent application in synthesis. In this context, enantiopure cyclic nitrones have proved particularly useful [5] . This account summarizes our own achievements in this field.
Results
Nitrones 1 (and the corresponding enantiomers) are easily available in multi-gram quantities by means of two alternative strategies (a or b, Scheme 1) from inexpensive L-(or D-) tartaric acid [6,2i] , available in bulk. The choice of route a or b for accessing the target nitrones 1 depends on the desired protective groups to be placed at the hydroxyl functionalities. When protective groups allow the use of route a, consisting of protection at the stage of the tartaric esters, followed by reduction, tosylation and ring-closure with hydroxylamine, it gives a more reliable, reproducible and high-yielding pathway [6a] . The synthesis of silylated nitrones 1 cannot be carried out by route a due to scrambling of silicon at the reduction step. The synthesis of TBDPS and TBDMS protected 1 was achieved by route b, which requires initial cyclization to a pyrrolindione and subsequent reduction and protection [6b,c] . Nitrones 1 have been successfully applied to straightforward syntheses of polyhydroxyindolizidines, compounds that have been recently recognized as glycosidase inhibitors and important pharmacological tools [7] . The synthesis of the naturally occurring alkaloid (+)-lentiginosine (4) [8] , a potent inhibitor of amyloglucosidases [8] [9] [10] serves to illustrate the potentialities of enantiopure nitrones 1. The first synthesis of the pure natural compound [11, 9] has been attained by a sequential methylenecyclopropane (2) cycloaddition to the nitrone 1a followed by thermal rearrangement to the indolizidinone 3 (Scheme 2), according to a general methodology developed in our group [12] . The ketone 3 provided the desired alkaloid 4 by the Caglioti reduction and deprotection [9, 11] .
An alternate route consisting of cycloaddition of nitrone 1b to butenol (5) was able to furnish (+)-lentiginosine (4) with an overall yield increased of an order of magnitude (25% vs. 2.4%) [13] . Elaboration of the adduct 6 according to Tufariello [4b, 14] gave the diprotected triol 7, which eventually furnished the alkaloid 4 by radical deoxygenation and deprotection (Scheme 2). Both procedures also allowed access to 7-hydroxylentiginosines 8 and 9 by appropriate elaboration of 3 and 7, respectively (Scheme 3) [13,6c] . NaBH 4 LS-Selectride Scheme 3. Synthesis of 7-hydroxylentiginosines.
Our attention was then turned to the synthesis of protected monohydroxy substituted pyrroline Noxides. An additional synthetic problem due to the non symmetric nature of the nitrone precursor arose in this case, whichever strategy, a or b, we chose. Regioisomeric mixtures of nitrones, consequently, have to be expected in the final oxidation step. However, when procedure a was applied to the synthesis of a tert-butyl protected nitrone 12 from L-malic acid, a rewarding 9:1 ratio of the desired nitrone 12 vs. its regioisomer 13 was obtained (Scheme 4) [15] .
In order to determine the structural factors required to afford synthetically useful regioselection, a study of the effect of substituents at the 3-position of hydroxypyrrolidine has been considered. The results of yellow mercuric oxide oxidation of alkyl, phenyl, nitrogen and oxygen substituted hydroxylamines 14 are reported in Table 1 [16] .
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OMs MsO In all cases a preference for oxidation at the position vicinal to the substituent to afford compound 15 has been found. The amount of this regioisomer increased consistantly with the ability of the substituent to stabilize a negative charge. This effect was rationalized on the basis of the stabilizing stereoelectronic effect provided by an adjacent electronegative group in the TS of the rate-determining step of the oxidation. According to the hypothesized mechanism, in fact, the intermediate nitrosonium cation 17, formed in the first step, requires the removal of a proton to go to the final nitrone, as indicated in Figure 1 [15, 16] . Similar selectivity ratios were obtained with different oxidants, such as TPAP/NMO [17] , Cu II /O 2 , DDQ, while more complex mixtures and low yields were produced by MCPBA oxidation [15] . A lower regioselectivity (6.8:1) has been reported for the synthesis of tertbutyldimethylsilyl substituted nitrones 15 and 16 by direct oxidation of the corresponding pyrrolidine with Na 2 WO 4 /H 2 O 2 [18] . Support to both the above mechanism and soundness of the proposed σ C-H →σ* C-R interaction, which implies the anti proton to be selectively removed, was derived from a labeling study of nitrone 12. Deuteration of 12 by reduction with LiAlD 4 gave the hydroxylamine 18 with complete stereoselectivity. Oxidation of 18 with HgO gave back nitrone 12 together with its deuterated regioisomer 19 (Scheme 5) [15] . Two relevant findings of the process are consistent with the proposed mechanism: i) nitrone 12 obtained from 18 contained no deuterium, that means the hydrogen (deuterium) anti to t-BuO is removed selectively; ii) the regioselectivity decreased to 2:1, which implies a strong primary kinetic isotopic effect (k H /k D ≈ 4.5:1), in accord with involvement of the anti proton in the rate-determining step of the process. From a synthetic point of view, the fact that all the oxygen-substituted derivatives gave significantly high regioselectivity was of particular interest. Specifically, the total selectivity attained for formation of ester-substituted nitrones might be very useful synthetically. Preparation of nitrogen-substituted nitrones was more ineffective due to a lower regioselectivity in the oxidation, and especially to low yields in the overall process, ascribed to competing reactions connected with the higher nucleophilicity of nitrogen. Another method was then devised, which furnished nitrone 23 more effectively and with complete selectivity. The one-pot mono-mesylation of diol 20, followed by Swern oxidation and condensation of the aldehyde 22 with hydroxylamine gave the nitrone 23 directly, isolated in 24% overall yield (Scheme 6) [16] . The enantiomerically pure nitrones 12 and 23 were then reacted with the appropriate ester substituted ethylenic compounds, i.e. dimethyl maleate and γ-crotonolactone, for the purpose of synthesizing enantiopure pyrrolizidines, pyrrolidines and structurally related compounds according to the general process represented in Scheme 7 [19] . The 1,3-dipolar cycloaddition of nitrone 12 with dimethyl maleate (24) gave three cycloadducts 25a-c in a 5:1:1 ratio (Scheme 8). As expected [6, 9, 13, 15, 16, 19] , the major adduct 25a is derived from the less encumbered exo-anti TS. The minor adducts 25b and 25c arose from roughly equi-energetic endo-anti and exo-syn TS, respectively, while formation of the fourth possible adduct was prevented by the sterically unfavored endo-syn approach (Figure 2) [20] . The analogous cycloaddition of nitrone 23 to 24 gave only two adducts 26a-b in 4:1 ratio (Scheme 8). The dibenzylamino group, more sterically demanding than the tert-butoxy one, can account for the absence of products derived from the sterically more hindered syn approaches (Figure 2 ). γ-Crotonolactone (27) is another suitable dipolarophile for synthesizing the pyrrolizidine target compounds [21] . Indeed, 27 and butenolides in general are known to give an unique regioisomer [21, 22] , with a better exo/endo selectivity than maleic acid derivatives in cycloadditions to cyclic nitrones [21,22a] , probably due to the loss of the favorable secondary orbital interactions in the TS. Accordingly, the reaction of nitrone 12 with 27 gave only two adducts 28a and 28c in the same 5:1 ratio (Scheme 9). The compounds are derived from the two possible exo approaches, anti and syn respectively, to the substituent on the nitrone. Scheme 9. Cycloaddition of nitrone 12 to γ-crotonolactone (27) .
The transformation of adducts 25 and 26 into the desired pyrrolizine skeleton requires a simple opening of the isoxazolidine ring by reductive cleavage of the N-O bond, since re-closure to form a lactam moiety by attack of nitrogen to the γ-carboxylic carbon atom occurs spontaneously [23, 21] . A mild method consisting of refluxing the isoxazolidine in aqueous acetonitrile in the presence of molybdenum hexacarbonyl has been recently introduced to perform this transformation [24] . The separated isoxazolidines 25a and 25c gave good to excellent yields of 29a and 29c, respectively, in this step (Scheme 10). The mixture of isoxazolidines 26a-b turned out to be inseparable by flash column chromatography, but when subjected directly to the reductive ring-opening afforded only the pyrrolizidinone 30 (Scheme 10). Due to the biological relevance of polyhydroxypyrrolizidines and pyrrolidines as inhibitors of glycosidases and consequently as potential therapeutic (antibiotic, antiviral, antitumoral) agents [7, 25] , we pursued the synthesis of such compounds and their structural analogs from the pyrrolizidinone 29a and the cycloadduct 28a (Scheme 11). Reduction of 29a gave the monoprotected pyrrolizidine triol 31, which represents a new, non-natural stereoisomer of the necine bases rosmarinecine and croalbinecine. Reduction of the adduct 28a under the same conditions was not able to accomplish the cleavage of the isoxazolidine ring, giving the pyrrolo [1,2-b] isoxazole derivative 32 in good yields. This compound is also interesting, representing a structural oxygenated analog of polyhydroxypyrrolizidines. On the other hand, under reflux in THF, the reduction proceeded to give the monoprotected tetrahydroxypyrrolidine 33, which in turn was deprotected to 34 or cyclized to 31 (Scheme 11). Scheme 12. Synthesis of (-)-hastanecine.
The whole cycloaddition-lactamization-reduction process outlined in Schemes 8-11 appears flexible enough to warrant its application to the synthesis of natural polyhydroxypyrrolizidines and their bioactive analogs. The formal EPC synthesis of (-)-hastanecine (40) [26] , the necine base of several pyrrolizidine alkaloids, starting from nitrone 37 (Scheme 12) is illustrative of this strategy. The configuration of the nitrone to be employed for the synthesis of (-)-hastanecine (as well as for the synthesis of most of the naturally occurring polyhydroxypyrrolizidines) required an inversion of configuration of the stereogenic center of L-malic acid. It is noteworthy that this could be accomplished by a Mitsunobu reaction on dimesylate 35, rather than by use of the more expensive Dmalic acid; in this way, inversion and protection of the hydroxy group occur in the same step. The pyrrolizidinone 39, precursor of the desired (-)-hastanecine (40) [27] , was synthesized in only 4 steps and in high yield from the dimesylate 35 [26] .
Conclusion
In conclusion, a straightforward and versatile access to enantiomerically pure polyhydroxypyrrolizidines, pyrrolidines and structural analogs has been outlined. Fundamental for the synthetic strategy is the easy access to variously substituted enantiomerically pure pyrroline N-oxides available in a direct and economical manner from the "chiral pool". The potential of the process for the synthesis of pyrrolizidine and indolizidine alkaloids has already been demonstrated. Further application of related procedures to the synthesis of natural products and biologically interesting compounds is underway in our laboratories, as well as biological screening of the products against a variety of glycosidic enzymes.
